Objective Temporomandibular dysfunction involves osteoarthritis of the TMJ, including degeneration and morphologic changes of the mandibular condyle. The purpose of this study was to determine the accuracy of novel 3D-UTE MRI versus micro-CT (μCT) for quantitative evaluation of mandibular condyle morphology. Materials and methods Nine TMJ condyle specimens were harvested from cadavers (2 M, 3 F; age 85±10 years, mean± SD). 3D-UTE MRI (TR= 50 ms, TE=0.05 ms, 104-μm isotropic-voxel) was performed using a 3-T MR scanner and μCT (18-μm isotropic-voxel) was also performed. MR datasets were spatially registered with a μCT dataset. Two observers segmented bony contours of the condyles. Fibrocartilage was segmented on the MR dataset. Using a custom program, bone and fibrocartilage surface coordinates, Gaussian curvature, volume of segmented regions, and fibrocartilage thickness were determined for quantitative evaluation of joint morphology. Agreement between techniques (MRI vs. μCT) and observers (MRI vs. MRI) for Gaussian curvature, mean curvature, and segmented volume of the bone were determined using intraclass correlation coefficient (ICC) analysis. Results Between MRI and μCT, the average deviation of surface coordinates was 0.19±0.15 mm, slightly higher than the spatial resolution of MRI. Average deviation of the Gaussian curvature and volume of segmented regions, from MRI to μCT, was 5.7±6.5 % and 6.6±6.2 %, respectively. ICC coefficients (MRI vs. μCT) for Gaussian curvature, mean curvature, and segmented volumes were 0.892, 0.893, and 0.972, respectively. Between observers (MRI vs. MRI), the ICC coefficients were 0.998, 0.999, and 0.997, respectively. Fibrocartilage thickness was 0.55±0.11 mm, as previously described in the literature for grossly normal TMJ samples. Conclusions 3D-UTE MR quantitative evaluation of TMJ condyle morphology ex-vivo, including surface, curvature, and segmented volume, shows high correlation against μCT and between observers. In addition, UTE MRI allows quantitative evaluation of the fibrocartilaginous condylar component.
Introduction
In the United States, the prevalence of temporomandibular disorders in the adult population has been reported to be between 40 and 75 %. Temporomandibular disorders include a subgroup of craniofacial pain conditions involving the temporomandibular joint (TMJ), the masticatory muscles, and head-neck musculoskeletal structures [1] [2] [3] . Costen, in 1934 , related this condition mainly to disturbed function of the mandibular joint, emphasizing the need to reestablish physiological dental occlusion [4] . Recent guidelines recognize a more complex and multifactorial etiology to this condition [5] . Moreover, TMJ development and condyle growth specifically involves embryonic, fetal, and mechanistic processes that are poorly understood and may be responsible for atypical articular features that could ultimately play a role in joint mechanics that predispose to joint dysfunction. One such feature may be the unique fibrocartilaginous structure of the condylar articular surface [6] .
Magnetic resonance imaging (MRI) is the exam of choice for evaluating TMJ disorders, detecting early signs of dysfunction before final and irreversible late-stage osteoarthritic modifications occur [7] . Condylar morphologic changes such as flattening, presence of osteophytes, erosions, and sclerosis (isolated or in combination) are signs of TMJ osteoarthritis and are related to advanced TMJ internal derangement [8] . The combined evaluation of hard and soft tissues in the setting of TMJ dysfunction is therefore necessary in diagnosing and approaching this condition. Presently, the evaluation of TMJ surface osseous changes relies mainly on computed tomography (CT) and cone beam CT (CBCT) evaluation, the latter providing lower radiation exposure and a more cost-effective examination [9] . In fact, CBCT has proven to be useful for condyle morphologic assessment [10] with previous studies having shown its superiority over CT in displaying maxillofacial hard tissues, while concomitantly decreasing patient dose delivery [11] . Potential disadvantages in evaluating osseous structures, due to their short T2 nature, have been emphasized since the early development and application of clinical MR. Implementation of ultrashort time-to-echo (UTE) MR imaging sequences [12, 13] allow acquisition of MR signal from short T2 tissues through rapid signal detection before its decay. Adult cortical bone and periosteum are among tissues comprised of a majority of short T2 tissue components (dura mater, membranes, retinacula, sheaths, aponeurosis, menisci, bone, falx, tentorium, capsules, bands, septa, fasciae, nails, hair, tendons, ligaments, labra, periosteum, dentine, enamel), all of which express themselves as signals void on standard clinical MR pulse sequences [14, 15] . UTE imaging has been validated for the evaluation of short T2 tissues such as the calcified layer of articular cartilage and the cartilaginous endplate in the intervertebral disc, allowing both qualitative and quantitative assessment of these previously "invisible" tissues vis-à-vis MR evaluation [16, 17] . To our knowledge, the application of UTE imaging for the assessment of the osseous structures about the TMJ has never been attempted.
The aim of our study was to determine the accuracy of a novel three-dimensional (3D) UTE MRI for cadaveric quantitative evaluation of mandibular condyle morphology of bone (surface, curvature, volume) versus micro-CT (μCT) as a standard of reference, and additionally demonstrate feasibility of evaluation of fibrocartilaginous components of the articulation using 3D UTE MRI. A qualitative description of 3D UTE TMJ MRI bone and cartilage signal appearance was also performed.
Materials and methods
The Institutional Review Board (IRB) exempted this cadaveric study and informed consent was not required.
Specimen preparation
Nine TMJ condyles were harvested from six fresh-frozen cadaveric mandibles (2 M, 3 F; age 85±10.2 years, mean± standard deviation, SD) (Fig. 1) . Wrapped in saline-soaked gauzes and stored frozen at −70°C in an ultra-low freezer. Prior to imaging, the specimens were thawed at 4°C in a refrigerator overnight and inserted in inert plastic cases to allow positioning for μCT and UTE MRI acquisitions. For micro CT, specimens were wiped to remove saline from the sample surface and secured inside an airtight tube. For MRI, specimens were submerged in perfluorooctyl bromide (PFOB) solution at room temperature to minimize susceptibility in MR images.
Imaging acquisition using 3D UTE MRI and μCT 3D UTE MRI MR imaging was performed using a 3-T MR scanner (Signa HDx, GE Healthcare, Milwaukee, WI, USA) with maximum peak gradient amplitude of 40 mT/m and slew rate of 150 mT/m/s in conjunction with a single-channel 3-inch (7.62-cm) receive-only surface coil. For the 3D UTE sequence, the following parameters were used: repetition time (TR) of 50 ms, ultra-short echo time (TE) of 0.05 ms, field of view of 4 cm, matrix size of 384×384×384, and isotropic voxel size of 104 μm. Total acquisition time was approximately 60 min.
Micro-CT μCT was performed using a Skyscan 1076 (Skyscan, Aartselaar, Belgium) with the following parameters: voxel size of 18 μm, X-ray source voltage of 70 kV, current of 141 μA, exposure time of 420 ms, rotation angle of 0.82°, and four frames averaging with a 1.0-mm aluminum filter. Phantoms of different HU densities were used to calibrate the system prior to scanning. Image reconstruction was performed using SkyScan NRecon software. For all samples, identical settings were used for scanning and reconstruction to ensure consistent image contrast throughout.
Qualitative evaluation of 3D UTE MRI TMJ images 3D UTE MRI datasets were evaluated with attention to signal intensity and appearance of cartilage, cartilage-bone interface, and cortical bone to establish intrinsic ultrashort echo tissue signal characteristics in the TMJ condyle.
Image processing and quantitative evaluation
Images from the UTE MRI (Fig. 2a , b) and μCT ( Fig. 2c, d ) were post-processed to perform spatial registration, segmentation of bone (μCT and MRI), and cartilage (MRI) surfaces, and determination of quantitative shape parameters. First, to facilitate registration, the MR and μCT datasets were rescaled in 3D to the same voxel size of 36 μm using open-source image processing software (ImageJ) using the bilinear scaling option. The datasets were then spatially registered (with μCT as the reference) using an automated inter-modal registration tool (FMRIB's Linear Image Registration Tool, FLIRT) [18] (Fig. 3a) . Using open-source image processing software (ImageJ in FIJI), condylar regions were cropped and bone and cartilage contours of the TMJ condyles segmented (ImageJ Segmentation Editor plugin) [19] . The condylar region of interest included regions of condyle covered with fibrocartilage (Fig. 3b) . Segmentation was performed semiautomatically (global threshold selected by observers and applied uniformly to all datasets) for μCT (Fig. 3c ) and manually for UTE MRI (Fig. 3b) by two trained observers (DG and WCB, with 6 and 7 years of musculoskeletal imaging research experience, respectively) to determine inter-observer variability. For μCT datasets, a threshold value was selected by agreement between the observers and was used globally to segment the bone. For UTE MRI datasets, segmentation of fibrocartilage and bone was performed manually. MR contrast differences between cartilage (bright signal) and bone (intermediate-low signal), as well as cartilage and air (no signal), have been used to distinguish different tissues and for manual segmentation of MR images. The interface between cartilage and bone was used to define the bone surface, and the interface between cartilage and air was used to define the cartilage surface.
Using custom Matlab routines (2008b; MathWorks, Natick, MA, USA) quantitative measures of morphology were determined from MRI and μCT datasets. Bone (Fig. 4a, c) and fibrocartilage (Fig. 4a) surfaces (as xyz coordinates), fibrocartilage thickness (Fig. 4a color map on fibrocartilage surface), Gaussian (Fig. 4b,d ) and mean curvature maps of the 
Statistical analysis
After quantitative analysis of MRI and μCT datasets, mean values were estimated for bone Gaussian curvature, mean curvature, and volume (Table 1) . For inter-technique comparison (MRI vs. μCT as the reference), percent deviations of bone curvature values and volume were determined for all nine samples and averaged. In addition, intraclass correlation coefficient (ICC) for each measure was determined. For interobserver comparison (MRI vs. MRI, two observers), similar bone analysis was performed using three datasets.
Results

Qualitative evaluation of UTE MR images
In all samples, the fibrocartilaginous layer appears homogenously bright due to its intrinsically high signal intensity, while the cortical bone has an intermediate to low signal intensity. The cartilage contour was able to be visually assessed and was well defined. The cortical bone contour was also able to be distinguished from the surrounding soft tissues on all MR images; the latter finding benefited from sequence intrinsic high tissue contrast between bone intermediate-low signal and cartilage high signal at their interface (Fig. 2) .
Quantitative analysis MRI vs. μCT (inter-technique) MRI and μCT bone data were generally in good agreement, as observed in surface plots (Fig. 4a, c ) and curvature maps (Fig. 4b, d ). For MR bone surfaces, the mean values (Table 1) of Gaussian curvature, mean curvature, and volume were 0.26 μm, −18.7 μm, and 740 mm 3 , respectively, which were not markedly different from 0.27 μm, −19.5 μm, and 812 mm 3 obtained using μCT. The mean deviation of bone surface, from MRI to μCT, was 0.19 mm, approximately double the voxel size of the MR dataset. Percent deviation of bone surface in Gaussian curvature, mean curvature, and volume were 5.7, 5.0, and 6.6 %, respectively (Fig. 5a , b, Table 2 ). ICC for bone Gaussian curvature, mean curvature, and volume were 0.892, 0.893, and 0.972, respectively (Table 2 ). Using MRI, condylar fibrocartilage thickness was 0.55 ±0.11 mm (mean±SD) ( Table 1) .
MRI vs. MRI (inter-observer)
The mean deviation in the bone surface between observers was 0.10 mm. The mean interobserver deviation for bone Gaussian curvature, mean curvature, and volume were 1.8, 0.6, and 2.0 %, respectively. These deviation values were much smaller than inter-technique deviations. ICC for bone Gaussian curvature, mean curvature, and volume was 0.998, 0.999, and 0.997, respectively (Table 2) (intra-observer variability for most of the measures was much lower than the corresponding inter-observer variability and the results were omitted for brevity). Fig. 4 Quantitative morphologic evaluation for a single TMJ condyle specimen demonstrates 3D surfaces (gray surfaces) determined using 3D UTE MRI (a) and μCT (c) datasets. Cartilage morphology and thickness was assessed for the 3D UTE MRI dataset (A, color map). Gaussian curvature maps for 3D UTE MRI (b) and μCT (d) for the same specimen demonstrate regions with bowl-shape (positive curvature; long arrows) or saddle-shape (negative curvature; short arrows) 
Discussion and conclusion
The results of this ex vivo study evaluating morphology of the temporomandibular condyle using 3D UTE MRI sequence demonstrated usefulness of MR imaging and its high accuracy for quantitative measures of condyle shape. Qualitatively, UTE MR evaluation demonstrated that the UTE MRI sequence detected high signal from TMJ condylar cartilage allowing visualization of the cartilaginous condyle contour, unlike the clinical CT imaging. Moreover, our evaluation shows that condylar cortical bone contour is distinguishable from the surrounding soft tissues due to the high tissue contrast between condylar bone (intermediate-low signal) and cartilage (high signal) when using UTE MRI. Results are in keeping with UTE MR bone-cartilage interface evaluations presented in the literature [16] . Additionally, quantitative morphologic measures from the MRI showed a significant positive correlation with those from the micro-CT as a gold standard. High positive intraclass correlation values for Gaussian curvature (0.892), mean curvature (0.893), and ROI volume (0.972) and reasonably low deviation observed for bone surface coordinates (0.19 mm), Gaussian curvature (5.7 %), mean curvature (5.0 %), and ROI volume (6.6 %) appear promising. Overall, the average deviation of 190 μm between techniques shows high accuracy of the MRI UTE 3D technique and the isotropic voxel size of ∼100 μm for UTE MR adequate to evaluate joints. Interobserver comparison (MRI vs. MRI) also showed strong agreement between observers for MRI measurements (≥0.997), with a small 100-μm surface deviation. This demonstrates a high accuracy and reproducibility of 3D UTE MRI for evaluation of TMJ condyles. The average thickness of condylar cartilage (0.55±0.11 mm) is comparable to results presented in literature [20] and shows UTE technique accuracy in quantitative assessment.
Quantitative measures of joint shape such as joint surface curvature, incongruity, and cartilage thickness have been determined in the past in other joints [21] [22] [23] to evaluate joint degeneration. These measures have been used to determine the course of progression of degenerative joint disease [24] . Shape and quantitative morphological joint assessment may be beneficial in the evaluation of early onset of articular degenerative modifications [23] . Condylar shape modifications are characteristic degenerative features present in TMJ internal joint derangement. TMJ osteoarthritis is characterized by flattening, osteophytosis, erosive and sclerotic changes, such modifications affect condyle shape and curvature, causing joint incongruity [8, 25] . To our knowledge, quantitative morphological articular evaluation using 3D UTE MR has never been performed. Quantitative measures of shape may also be useful for detecting and monitoring changes in TMJ condyle in disease and treatment.
UTE MR is a novel imaging technique and is presently being investigated to evaluate potential clinical applications. Musculoskeletal MRI is one of the radiological subspecialties that may take advantage of its ability to detect short T2 signal from soft and hard tissues. Therefore, we expect UTE MR to become standard in MSK study protocols in the near future. De facto previous studies proved its large potential both in in vivo and ex vivo research settings [12] [13] [14] [15] [16] [17] 26] . Although clinical use is presently limited, due to demanding hardware requisites, long acquisition times and not yet fully established appearance of normal versus pathological imaging findings. The evaluation of temporomandibular joint condyles in terms of quantitative morphological analysis by 3D UTE MRI and its comparison with micro-CT as a gold standard has never There are several limitations in this study. First of all, we evaluated a small number of samples. This is due to the cadaveric nature of our evaluation, and the feasibility design of this study, whose purpose is to evaluate this novel technique for TMJ. Our qualitative analysis has some major limitations. First is a single reader and a subjective evaluation of signal characteristics and contour assessment for condylar cartilage and superficial bone. Second, no abnormal morphologic findings (normal vs. pathologic) were qualitatively evaluated. Finally, no microscopic histologic evaluation of condyle tissues has been performed, since this study focused on quantitative evaluation of condylar morphology rather than pathologic assessment. However, all specimens were grossly normal at the harvest.
Despite these limitations, based on the strong correlation between UTE MRI and micro CT, and the benefit of fibrocartilage evaluation made possible on the UTE MRI, we may conclude that quantitative morphology assessment of TMJ condyle using UTE MRI is both feasible and accurate. Additional studies including in vivo imaging as well as samples of varying degeneration may further prove the utility of UTE MR evaluation for the assessment of TMJ.
